Abstract The abrupt Northern Hemispheric warming at the end of the twentieth century has been attributed to an enhanced greenhouse effect. Yet Greenland and surrounding subpolar North Atlantic remained anomalously cold in 1970s to early 1990s. Here we reconstructed robust Greenland temperature records (North Greenland Ice Core Project and Greenland Ice Sheet Project 2) over the past 2100 years using argon and nitrogen isotopes in air trapped within ice cores and show that this cold anomaly was part of a recursive pattern of antiphase Greenland temperature responses to solar variability with a possible multidecadal lag. We hypothesize that high solar activity during the modern solar maximum (approximately 1950s-1980s) resulted in a cooling over Greenland and surrounding subpolar North Atlantic through the slowdown of Atlantic Meridional Overturning Circulation with atmospheric feedback processes.
Introduction
Over the past two decades, Greenland near-surface air temperatures have increased rapidly [Box, 2013] , forcing mass loss from the Greenland Ice Sheet [Hanna et al., 2013] . During this period, the ice sheet has contributed approximately one third of the global sea level rise of 3.22 ± 0.41 mm/yr from 1992 to 2011 [Hanna et al., 2013] . However, during the preceding decades (i.e., 1970s to early 1990s), Greenland and the surrounding subpolar North Atlantic experienced anomalously low temperatures amid rising Northern Hemispheric average temperatures (Figure 1 ) [Box, 2013; Kobashi et al., 2011; Levitus et al., 2012] . This cooling and subsequent warming since 1995 is a regional pattern attributed to the Atlantic Multidecadal Oscillation (AMO) [Häkkinen et al., 2011] . Recent studies indicate that temperature changes in the North Atlantic before and after 1995 were induced by changes in the frequency of atmospheric blocking activity and associated changes in warmer and more saline seawater in the subpolar North Atlantic [Häkkinen et al., 2011] , and Atlantic Meridional Overturning Circulation (AMOC) likely played an important role for these changes [Chen and Tung, 2014; Polyakov et al., 2010; Rahmstorf et al., 2015] . However, the underlying causes of the multidecadal variations remain unknown.
Multidecadal temperature variability is only just captured by observational records of the past 13 decades, and while longer time resolution paleorecords resolve multidecadal and centennial variability, they have larger uncertainties and are biased by seasonality, making it difficult to capture small multidecadal temperature signals. To address this, we have developed a tool to capture multidecadal to centennial surface temperature variations over Greenland with sufficiently high precision in both temperature and age [Kobashi et al., 2011 [Kobashi et al., , 2010 , using argon and nitrogen isotopes of air trapped in ice cores from the Greenland Ice Sheet. In an unconsolidated snow layer (firn) on an ice sheet, gases fractionate according to the depth of the firn and the temperature gradient between the top and bottom of the layer [Severinghaus et al., 1998 ]. Measurements of nitrogen and argon isotopic ratios allow us to separate the effects of gravitational enrichment and thermal diffusion and to reconstruct past temperature gradients (ΔT ) in the firn layer [Severinghaus et al., 1998 ]. The ΔT can be integrated to reconstruct robust surface temperature changes in the past (ΔT integration method) to be consistent with borehole temperature profiles using a firn densification/heat diffusion model [Kobashi et al., 2011 [Kobashi et al., , 2010 . Importantly, the reconstructed temperature records are physically constrained and seasonally unbiased estimators of multidecadal temperature changes (supporting information).
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Data
In this study, we present a new Greenland surface temperature record for the past 2100 years using the North Greenland Ice Core Project (NGRIP) ice core. Combined with a temperature reconstruction [Kobashi et al., 2011] from the Greenland Summit (Greenland Ice Sheet Project (GISP) 2; Figure 2 and Figure S1 in the supporting information), we find that NGRIP and GISP2 exhibit coherent multidecadal to centennial variations over the past 1000 years (r = 0.78, P = 0.1; r = 0.67, P < 0.001 after linear detrending) with higher sampling densities ( Figure S2 ) than that of the earlier 1100 year period (1000 Common Era (C.E.) to 100 before the Common Era; r = 0.28, P = 0.16). Comparisons between the reconstructed temperature and isotope records (e.g., δ 15 N and δ 40 Ar) exhibit physically consistent relations between changes in temperature and firn thickness over the entire period, which supports the reconstructed temperatures ( Figure S3 ). Surface temperatures were also reconstructed directly from borehole temperature records using two different methods (supporting information) and revealed consistent multicentennial trends with the ΔT integration method within their uncertainties (Figure 2 and Figures S4b and S4c).
To check the methods, we conducted synthetic temperature experiments with an assumption that surface temperature signals of the NGRIP and GISP2 are identical (supporting information). Synthetic surface temperatures for 1900 years ( Figure S5 ), which have similar absolute temperatures and variance with Greenland temperatures based on a Northern Hemispheric (NH) temperature record [Moberg et al., 2005] , were used to produce synthetic ΔTs and borehole temperatures using a firn densification/ heat diffusion model [Goujon et al., 2003] . Then, the ΔT time series and borehole temperatures were degraded to produce two time series with the same resolution and uncertainties as the NGRIP and GISP2. Thereafter, the surface temperatures were reconstructed using the same procedure for the ice core data. , 1920-1940 and 1975-1995 (also see Figure 5 ). Only grids with 95% confidence intervals are shown. Data are from the GISS Land-Ocean Temperature Index [Hansen et al., 2010] . The grey areas indicate grids with continuous data not available for the entire period. 
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The two reconstructed synthetic surface temperatures with the ΔT integration method capture the original surface temperature well within their uncertainties (r = 0.91, P < 0.01 for NGRIP resolution; r = 0.83, P < 0.01 for GISP2 resolution; Figure S4a ). The temperature records with the ΔT integration method show a similar difference in the correlation as the observation in ice cores before and after 1000 C.E. (r = 0.26, P = 0.1 and r = 0.91, P = 0.14, respectively; Figure S4a ), indicating that the difference in the correlation in the ice core records can be explained by the difference in the sampling density. The synthetic experiments further show that the combined record of the two synthetic temperatures captures multidecadal to centennial surface temperature variability better than the individual records, accounting for up to 77% of the total variance with >99% significance over the entire 1900 years and 25% and 93% of the total variance before and after 1000 C.E., respectively. Therefore, we used the combined record of the NGRIP and GISP2 records (hereafter, Greenland temperature; supporting information) for the following analyses.
Results
The reconstructed Greenland temperature over the past 2100 years exhibits common features with the NH temperatures ( Figure 3a ) [Hegerl et al., 2007; Ljungqvist, 2010; Mann et al., 2008; Moberg et al., 2005] such as the Little Ice Age, the Medieval Warm Period, and multidecadal variations but with noticeable differences. Toward the end of the twentieth century, NH temperatures exhibited a steep rise; however, the Greenland temperatures remained anomalously low (Figure 3a ). Major drivers of hemispheric climate change over the past millennium are attributable to changes in solar irradiance, volcanism, greenhouse gases, and internal variability [Crowley, 2000] . However, regional climate may further deviate from the hemispheric trend owing to regional atmospheric and oceanic circulation changes induced by forcing (e.g., solar activity). For example, stronger (weaker) solar activity produced negative (positive) temperature anomalies from the hemispheric temperature trend in Greenland (Figures 3b and 3c ) [Kobashi et al., 2013a [Kobashi et al., , 2013b .
To quantify the regional temperature anomalies, multiple linear regressions were applied with NH proxy temperatures [Hegerl et al., 2007; Ljungqvist, 2010; Mann et al., 2008; Moberg et al., 2005] and reconstructed total solar irradiance (TSI) [Roth and Joos, 2013; Steinhilber et al., 2012] as variables, allowing lags for the solar signals ( Figure 3c ) (supporting information). We used four different NH proxy temperatures [Hegerl et al., 2007; Ljungqvist, 2010; Mann et al., 2008; Moberg et al., 2005] and two TSI reconstructions [Roth and Joos, 2013; Steinhilber et al., 2012] (i.e., eight combinations) to identify the range of the uncertainties (supporting information). The averaged results from the eight combinations were plotted in Figures 3d and 3e , and the coefficients for all the combinations were given in Table S1 in the supporting information. A long-term cooling trend by Earth's orbital change [Kobashi et al., 2013a] was determined as a slope of 0.38°C per 1000 years for the past 4000 years of the Greenland temperatures, and it was subtracted from the Greenland temperatures before performing the regression analyses.
The regression models capture the multidecadal Greenland temperature variations (r = 0.58, P = 0.07 and r = 0.5, P = 0.02 after linear detrending; Figure 3d ; individual results range from r = 0.65 to 0.46) with 10 to 40 year lags for the solar signals (Table S1 ). Consistent with our earlier studies over the past 4000 years [Kobashi et al., 2013a [Kobashi et al., , 2013b ] that include periods of warmer climate than present, the solar variability is associated with robust antiphase temperature anomalies in Greenland, such that when solar activity increased (decreased), Greenland became colder (warmer) (Figures 3b and 3c) . Because the antiphase solar signals in Greenland temperatures persisted over the past 4000 years [Kobashi et al., 2013a] , the possibility of the influences by volcanic forcing for the antiphase responses can be rejected. The regression analyses suggest that an increase in solar activity from the Maunder Minimum to the Modern Maximum forced Greenland to cool by 1.3 ± 0.1°C (a difference between two periods of 1698-1717 and 1975-1995) , cancelling a large part of the hemispheric-wide warming (1.8 ± 0.2°C) with a polar amplification factor of 3.5 ± 0.7 (Figure 3e and Table S1 ).
To further investigate mechanisms responsible for changes in Greenland temperatures, we conducted the same multiple regressions (NH temperature + solar forcing) on "global grid proxy temperatures" [Mann et al., 2009] (Figure 4 ; see also Figure S6 ). Similar multidecadal lags have been observed in the analyses of global grid proxy temperatures for preindustrial periods [Shindell et al., 2001; Waple et al., 2002] and an annually dated ice core record from Altai [Eichler et al., 2009] . Two different time frames over the past 801 years and the past 134 years show similar spatiotemporal patterns in the North Atlantic (Figure 4) , indicating that this feature is robust in the climate system, operating at least Figure 3 . Reconstructed, decomposed, and modeled Greenland temperatures and NH proxy temperatures over the past 2100 years. (a) Reconstructed Greenland temperatures and NH proxy temperatures in z-score [Hegerl et al., 2007; Ljungqvist, 2010; Mann et al., 2008; Moberg et al., 2005] . These four NH proxy temperatures [Hegerl et al., 2007; Mann et al., 2008; Moberg et al., 2005] were used to calculate average and errors for later analyses (supporting information). (b) Greenland temperature anomaly. Average NH temperature from the four NH records and combined Greenland temperatures were used. Periods of warm (cold) anomalies in Greenland were in red (blue). (c) Two TSI reconstructions by Steinhilber et al. [Steinhilber et al., 2012] and Roth and Joos [Roth and Joos, 2013] in z score. The blue (red) areas are the periods of stronger (weaker) solar activity corresponding to Figure 3b with possible multidecadal lags. (d) Combined Greenland temperatures (black) and average regression model (red) with the 95% confidence intervals (supporting information). (e) Decomposition of the Greenland temperatures into solar-induced changes (blue) and hemispheric influences (orange) with a regression constant (À31.2°C; dots), constrained by the multiple linear regressions (supporting information). The error bounds are the 95% confidence intervals. The green shaded area is the period (the late twentieth century) when the modern solar maximum had strong negative influence (red circle) on the Greenland temperature. over the past millennium [Kobashi et al., 2013a; Shindell et al., 2001; Waple et al., 2002] . The analyses were repeated with different solar activity reconstructions and global grid temperature data set, and comparable results were found (supporting information).
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Similar spatiotemporal temperature changes (e.g., multidecadal lags) in the North Atlantic Basin have been identified in coupled climate model simulations with TSI variations (first mechanism) [Cubasch et al., 1997; Swingedouw et al., 2011; Waple et al., 2002] . In these models, increasing solar activity induces a buoyancy forcing due to warming and increased freshwater inputs into the subpolar North Atlantic, which reduces deepwater formation (or AMOC strength) and lead to a reduction in heat transport from low to high latitudes [Menary and Scaife, 2014; Swingedouw et al., 2011; Waple et al., 2002] . This results in a cooling in the subpolar North Atlantic (i.e., Greenland) and induces a positive North Atlantic Oscillation (NAO)-like atmospheric circulation [Gastineau and Frankignoul, 2012; Swingedouw et al., 2011] . The negative temperature responses of the subpolar North Atlantic are often reproduced in climate models as a result of increasing atmospheric CO 2 concentration [Collins et al., 2013] ; however, the effect of increasing CO 2 concentrations alone fails to explain the rapid warming in the subpolar North Atlantic since 1995.
A second mechanism linking solar activity with temperature changes involves stratospheric ozone feedback with solar UV variation [Gray et al., 2010; Kidston et al., 2015; Shindell et al., 2001] . During stronger (weaker) solar activity, stratospheric temperatures increase (decrease) via ozone absorptions of UV sunlight, which increases the temperature gradient between stratospheric high and low latitudes. The change in the meridional temperature gradient leads to strengthened (weakened) westerlies in the midlatitudes, inducing positive (negative) NAO-like conditions in the troposphere. The NAO-like atmospheric response lags the 11 year solar cycle by approximately 3 years, likely owing to the ocean-atmosphere coupling [Kidston et al., 2015; Scaife et al., 2013] .
The observed multidecadal lag with the basin-wide cooling signal suggests that the first mechanism, involving a large-ocean heat reservoir, played a major role in setting the centennial to multidecadal solar signals on surface temperature variability in the subpolar North Atlantic.
Observational data over the past 160 years provide important clues to the multidecadal solar influence on the North Atlantic region. Figures 5a and 5c show the reconstructed and observed Greenland temperatures and the regression models that are constrained over the past 2000 years. The Greenland cooling in the late twentieth century corresponds to the time when the modern solar maximum (a period around 1950s-1980s of high solar activity compared with that of the past millennia) [Roth and Joos, 2013; Steinhilber et al., 2012] is expected to have maximum cooling effects in Greenland (À0.6 ± 0.1°C: a difference of the average temperatures between 1920-1940 and 1975-1995; Figure 5b ). The cooling contrasts a hemispheric warming signal with the polar amplification (0.8 ± 0.1°C) over the same period (Figure 5b [Ball et al., 2012; Krivova et al., 2010] with a 34 year lag are significantly correlated (r = 0.75, P = 0.02 after linear detrending) with the first principal component (PC1) of the wind stress curl in the North Atlantic (Figure 5d ), which is an important parameter for the ocean-atmosphere coupling and closely associated with the NAO and Greenland blocking [Häkkinen et al., 2011] .
Surface temperatures and hydrographic data for the North Atlantic and climate models indicate that the AMOC likely weakened from the middle to the late twentieth century and has strengthened since approximately 1995 [Ball et al., 2012; Krivova et al., 2010] over the past 114 years (1890-2003) using observed grid temperatures in 21 year RMs (GISS) [Hansen et al., 2010] . (b) Estimated temperature changes in proxy grid temperatures [Mann et al., 2009; Morice et al., 2012] due to solar variations [Ball et al., 2012; Krivova et al., 2010; Steinhilber et al., 2012] over the past 801 years in 21 year RM (1200-2000) (supporting information). To test the significance, 1000 autoregressive AR(1) models for solar signals were generated and regressed onto each grid temperature with the NH temperature as another variable. Only grids for which solar signals exceeded the AR(1) model results with 95% confidence (two tails) were plotted, and grids with 99% confidence were indicated by dots. The grey areas indicate the grids where continuous data are not available for the entire period. Note that we repeated the analyses with other data sets for observed global grid temperatures and solar signals and found similar spatiotemporal patterns in North Atlantic ( Figure S6 ).
10.1002/2015GL064764 [Chen and Tung, 2014; Gastineau and Frankignoul, 2012; Polyakov et al., 2010; Rahmstorf et al., 2015] , associated with a salinity anomaly in the North Atlantic [Chen and Tung, 2014; Gastineau and Frankignoul, 2012; Polyakov et al., 2010] . Therefore, the lines of evidences indicate that the cold anomaly in Greenland and surrounding subpolar North Atlantic during the late twentieth century was primarily a result of solar-induced AMOC variability and associated atmospheric feedback processes, with a possible contribution from increasing greenhouse gas forcing [Rahmstorf et al., 2015] .
Discussions and Conclusions
Delayed responses in the subpolar North Atlantic and Greenland temperatures to solar variability suggest predictability on a multidecadal time scale. The modern solar maximum continued from the 1950s to the 1980s with an interruption in the 1970s. The 10 to 40 year lags (34 years based on the wind stress curl) suggest that the subpolar North Atlantic conditions temporally experience those conditions present in the 1990s and the effects (rapid warming) of the declining solar activity will become active decades later (Figure 5d ). Given that solar activity is predicted to further decline over the next few decades [Roth and Joos, 2013] , the subpolar North Atlantic may destabilize faster than projected for increasing greenhouse gases [Collins et al., 2013] , with the result of an intensified Greenland warming in the coming decades. If realized, this enhanced warming will impact predictions of sea level rise from Greenland ice and should be incorporated into the range of future model predictions. Finally, AMOC have been playing an important role on the transient distribution of the heat trapped by increasing greenhouse gases, inducing a global warming hiatus in the past decades [Chen and Tung, 2014; Polyakov et al., 2010] . The proposed solar-induced AMOC variability provides a plausible explanation on the origin of the global warming hiatus. [Box, 2013] after an adjustment for the mean to be the same as the reconstructed temperature anomalies for the overlapping period. Coastal temperatures in 21 year RMs are from Ilulissat (69°14′N, 51°4′ W), Qaqortoq (60°43′N, 46°3′W), Nuuk (64°10′N, 51°42′ W), and Tasiilaq (65°36′N, 37°38′ W). [Ball et al., 2012; Krivova et al., 2010] anomaly (base year = 1961-1990 ) with 34 year lag (supporting information) from 1906 to 2041 and the first principal component (PC1; red) of the wind stress curl in the North Atlantic [Häkkinen et al., 2011] . The thick and thin red lines indicate the PC1 of the wind stress curl [Häkkinen et al., 2011] in the 11 year RMs and annual data for the periods from 1906 to 2003 and from 1901 to 2008, respectively. The two blue columns represent the periods (1920-1940 and 1975-1995) of positive and negative solar influences.
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